Large peridotite massifs are scattered along the 1500 km length of the Yarlung-Zangbo Suture Zone (southern Tibet, China), the major suture between Asia and Greater India. Diamonds occur in the peridotites and chromitites of several massifs, together with an extensive suite of trace phases that indicate extremely low fO 2 (SiC, nitrides, carbides, native elements) and/or ultrahigh pressures (UHP) (diamond, TiO 2 II, coesite, possible stishovite). New physical and isotopic (C, N) studies of the diamonds indicate that they are natural, crystallized in a disequilibrium, high-T environment, and spent only a short time at mantle temperatures before exhumation and cooling. These constraints are difficult to reconcile with previous models for the history of the diamond-bearing rocks. Possible evidence for metamorphism in or near the upper part of the Transition Zone includes the following: (1) chromite (in disseminated, nodular and massive chromitites) containing exsolved pyroxenes and coesite, suggesting inversion from a high-P polymorph of chromite; (2) microstructural studies suggesting that the chromitites recrystallized from fine-grained, highly deformed mixtures of wadsleyite and an octahedral polymorph of chromite; (3) a new cubic Mg-silicate, with the space group of ringwoodite but an inverse-spinel structure (all Si in octahedral coordination); (4) harzburgites with coarsely vermicular symplectites of opx þ Cr-Al spinel 6 cpx; reconstructions suggest that these are the breakdown products of majoritic garnets, with estimated minimum pressures to > 13 GPa. Evidence for a shallow pre-metamorphic origin for the chromitites and peridotites includes the following: (1) trace-element data showing that the chromitites are typical of suprasubduction-zone (SSZ) chromitites formed by magma mixing or mingling, consistent with Hf-isotope data from magmatic (375 Ma) zircons in the chromitites; (2) the composition of the new cubic Mg-silicate, which suggests a low-P origin as antigorite, subsequently dehydrated; (3) the peridotites themselves, which carry the trace element signature of metasomatism in an SSZ environment, a signature that must have been imposed before the incorporation of the UHP and low-fO 2 phases. A proposed P-T-t path involves the original formation of chromitites in mantle-wedge Petrology, 2016, Vol. 57, No. 4, 655-684 
GEOLOGICAL SETTING AND INTRODUCTION TO THE PROBLEM
The Yarlung-Zangbo Suture Zone (YZSZ) is one of the great tectonic scars on the face of the Earth; it runs roughly east-west at c. 29 N, for 1500 km across the southern edge of Tibet (Fig. 1) . It is commonly regarded as marking the locus of the final plate collision between India and Asia, and is part of a still longer zone of sutures that extends westward to Turkey, marking the closure of first the Paleo-Tethys (Early Devonian-Early Permian) and then the Meso-Tethys and Neo-Tethys (Triassic-Cretaceous) oceans [see summaries by Metcalfe (1996) and Moghadam et al. (2015) ]. At least three subparallel sutures, related to earlier stages of ocean closure and transcurrent faulting, lie farther north, dividing the Tibetan Plateau into several parallel terranes.
The YZSZ separates the continental (Middle Proterozoic-Early Paleozoic) Lhasa block to the north from a series of Greater India-derived terranes to the south, making up the Himalayan domain. The southern edge of the Lhasa block is dominated by plutonic rocks of the Gangdese Batholith (>150 Ma to 35 Ma; Murphy et al., 1997; Harrison et al., 2000) . These are commonly interpreted as arc magmas, related to the complex northward subduction of the Neo-Tethys oceanic plate. The sedimentary, volcanic and ultramafic rocks of the YZSZ, which range mainly from Triassic to Cretaceous in age, make up the deformed remnants of the NeoTethys domain; they were first obducted southward either onto the continental margin of northern India or onto a series of intra-oceanic island arcs, and later thrust to the north during the Cenozoic collision between India and Asia (Aitchison et al., , 2007a . Final southward thrusting produced thick zones of serpentinite mé lange along the southern contacts of the peridotites with Triassic or younger sediments in many areas.
A major feature of the YZSZ is a discontinuous line of tectonically emplaced peridotite massifs. Some are up to 700 km 2 in area (2000-3000 km 3 ), whereas others are thin slivers ( Fig. 1 ; Table 1 ). Similar peridotite massifs occur within the subparallel sutures further to the north on the Tibetan Plateau (Fig. 1) . Several of these massifs consist largely of highly depleted harzburgites (Table 1) ; their compositions can be modeled as residues after as much as 30-40% partial melting of a primitive mantle (Dubois-Cote et al., 2005; Xiong, 2015) . Some of these also contain numerous bodies of dunite, which locally enclose podiform chromitites up to commercial scales. Other massifs or ultramafic domains are more typically lherzolitic, consistent with 7-12% partial melting (Dubois-Cote et al., 2005; Hebert et al., 2012; Xiong, 2015) . Many of the more depleted bodies have been regarded as Jurassic in age because they are spatially associated with mafic rocks of that age; the remainder, including most of the less depleted bodies, are considered to have been emplaced in Cretaceous times (Xiong et al., 2016) . More detailed considerations on the geological setting are given below. Some of the massifs contain both depleted and 'fertile' rocks; relationships have been described as 'gradational' in some areas (Nicolas et al., 1981; Wang et al., 1987; Girardeau & Mercier, 1988) , but may be tectonic in others. Some of the controversies in the literature may arise from a situation in which different research groups have sampled different rock types within a given massif, but applied their results to the whole massif. Many typical ophiolitic mantle sections worldwide contain abundant primary hydrous minerals (e.g. Kempirsai in Kazakhstan, Mayari-Baracoa in Cuba; Melcher et al., 1997; Proenza et al., 1999) and also are heavily serpentinized, reflecting H 2 O circulation at spreading centers and in suprasubduction-zone (SSZ) systems. In contrast, many of the YZSZ bodies (especially the larger ones) are strikingly fresh, except in tectonized zones related to emplacement.
The origins of the YZSZ peridotites have become even more enigmatic, and models for their genesis increasingly diverse, as reports have accumulated on an extensive assortment of unusual trace minerals (Supplementary Data Table A1 ; supplementary data are available for downloading at http:/www.petrology. oxfordjournals.org; see summaries by Robinson et al., 2004; Xu et al., 2015) separated originally from chromitites, but more recently also from the host peridotites . Some of these phases (diamond, TiO 2 II, coesite, stishovite pseudomorph) indicate ultrahigh-pressure (UHP, !4 GPa) conditions; others (native elements, alloys, carbides, nitrides) suggest very low fO 2 conditions (Dobrzhinetskaya et al., 2009; Green, 2012) . We refer to these collectively as the 'superreducing, ultrahigh-pressure' or 'SuR-UHP' assemblage (Griffin et al., 2013) ; this does not imply that all of the described phases coexisted as an equilibrium phase assemblage.
Few of the trace minerals reported from the chromites and peridotites have been seen in situ; the main exceptions are diamond, moissanite (SiC) and corundum ; Liang et al., 2014; J.-Q. Liu, personal communication). The paragenetic relationships of most SuR-UHP phases thus are largely unknown or, in the case of diamonds and SiC, they are surrounded by 'amorphous carbon' see below) , and are not clearly understood. Most have been recovered after crushing very large (up to 1100 kg) samples in commercial-scale plants, followed by magnetic and heavy-liquid separation . This makes it difficult to determine their context, and has led to some skepticism in the research community regarding their significance, or even their natural occurrence.
Here we integrate new data and interpretations with a number of recent key developments, based on field observations and detailed studies of small samples. We present an evolutionary model that is consistent with and Bangong-Nujiang Suture Zone (BNSZ); names of blocks or terranes are shown in black; red outline shows the location of (c), a more detailed map of the Yarlung Zangbo Suture Zone, showing the locations of the peridotite massifs ('ophiolites') discussed here. Yellow-red diamonds show localities where diamonds have been reported from chromitites and/or peridotites (see Supplementary Data Table A1 ). 175 Ma (Sm-Nd isochron; Wei et al., 2006) 130-138, 155 Ma (zircon U-Pb; Liu et al., 2013; Wu et al., 2014) E. Xigaze results from thermomechanical simulations of collisional tectonics, and with available mineralogical, geochemical and chronological constraints. This model may help to explain the history of these enigmatic peridotites and resolve problems raised by other studies. Our results define a globally significant process of lithospheric mantle recycling that may have occurred in other collision zones of comparable magnitude.
SUMMARY OF EVIDENCE, AND A P-T-T PATH
We argue that at least some of the YZSZ harzburgites represent lithospheric mantle that was initially modified at shallow depths in an SSZ environment, subducted into the Transition Zone ($410-660 km depth) and then (much later) re-exhumed, perhaps to the sea floor [see also Green (2012) ]. Several lines of evidence can be used to constrain the P-T-t history of these bodies.
Evidence for Transition Zone metamorphic conditions Chromitites and their inclusions
Whereas diamonds, suggesting depths of > 150 km, have been known from the chromitites of the Luobusa massif for at least 30 years, the first evidence of a potentially deeper origin was from the description (Yang et al., 2007) of a reaction zone of acicular kyanite and SiO 2 between a silicate matrix and a spherical grain of Fe-Ti alloy separated from a chromitite. The SiO 2 blades are now granular aggregates of coesite, and have been interpreted as pseudomorphs after stishovite (>300 km). Transmission electron microscope (TEM) studies of the same grain (Dobrzhinetskaya et al., 2009) identified nano-phases of TiO 2 II, indicating depths similar to those required for formation of stishovite, as well as TiN and BN. Dobrzhinetskaya et al. (2009 ), Ruskov et al. (2010 and McGowan et al. (2015) have used Møssbauer spectrometry to show that the spinels in massive chromitites from Luobusa have high Fe 3þ contents, although they also contain abundant spherules of native Fe (Fig. 2 ). This combination of phases probably represents the high-P disproportionation of Fe 2þ ! Fe 3þ þ Fe 0 predicted for the deep mantle (Frost et al., 2004; McCammon, 2005) . Although the reaction itself is difficult to quantify in terms of depth, Rohrbach et al. (2007) suggested that the high Fe 3þ in the Luobusa chromites indicates that they were in the structure of the Ca-ferrite-structured polymorph, requiring deepmantle conditions (see discussion below). Yamamoto et al. (2009) showed that chromite grains in some massive and nodular chromitites from the Luobusa body (orebody #31) contain abundant needles of SiO 2 , diopside and more rarely enstatite, with preferred crystallographic orientations (Fig. 3) ; TEM studies showed that at least some of the SiO 2 needles are coesite. Yamamoto et al. (2009) suggested that because Ca and Si are essentially insoluble in the cubic chromite structure, this exsolution implies inversion from the higher-pressure Ca-ferrite structure. This orthorhombic polymorph of chromite can in principle accommodate ions such as Ca and Si; it was first recognized in meteorites, coexisting with ringwoodite, and was later synthesized by Chen et al. (2003) . Ca and Si would have been available for uptake in the Ca-ferrite structure, as clinopyroxene is a common interstitial phase in the chromitites (Fig. 3a) . Recent syntheses using Luobusa chromitites as starting materials have found that levels of Ca and Si begin to increase with P at c. 12 GPa (1200-1400 C), peaking at levels of 1-3% of each element at around 14 GPa, and dropping as the chromite goes to the higher-P CT structure Zhang & Jin, in preparation) . Arai (2013) has suggested that the Si and Ca were derived from low-T inclusions of amphibole, but there is little doubt that the concentrations of these elements in the high-P chromitites were controlled by equilibrium with diopside.
We have now identified the above type of exsolution in chromite from several other chromitite bodies within the Luobusa-Kangjinla massif. Our observation of similar needles in massive, nodular and coarse-grained disseminated chromite (Fig. 3) indicates that all types of chromite at Luobusa-Kangjinla have experienced a common P-T history. Relatively large (5 lm) diopside needles in chromite have compositions (Table 2 ) similar to those of large (up to 200 lm) abundant euhedral diopside crystals (Fig. 3a) separated from the same samples, suggesting equilibration during exsolution. This is consistent with the equilibrated near-equigranular microstructures with 120 triple junctions, smooth and nearly straight grain boundaries, and relatively low mean misorientation per grain, which are seen in many samples of massive chromitite in which this type of exsolution is observed (Satsukawa et al., 2015; Fig. 4) .
It is noteworthy that in the nodular chromitites, single nodules typically consist of a few large crystals in microstructural equilibrium (Fig. 3c) . This is strikingly different from the fine-grained olivine-chromite aggregates that make up most nodular chromitites in typical ophiolites. Pritchard et al. (2015) have shown that such nodules begin with the nucleation and rapid growth of skeletal crystals of chromite, trapping silicate melt; these nuclei are overgrown epitaxially by more euhedral crystals to form the nodules. We interpret the coarsely crystalline nature of the Tibetan chromite nodules as reflecting high-T recrystallization, perhaps during inversion from the higher-P polymorphs. Satsukawa et al. (2015) applied electron backscattered diffraction (EBSD) analysis to a massive chromitite from the Kanjingla area (orebody #11), which has an equilibrated near-equigranular microstructure and extensive exsolution. Many small (median diameter c. 50 lm) olivine grains are included within the chromite; larger (median c. 200 lm) olivine grains occur between the large chromite grains (Fig. 4) . Exsolved diopside needles occur in irregular areas in the cores of chromite grains, and the chromite grains show a clear crystallographic preferred orientation (CPO; Fig. 4d ). Such a CPO does not resemble typical deformation-or growthinduced textures known from cubic phases. In contrast, the patterns resemble nearly point-maximum concentrations, which could be produced by crystal-plastic deformation or recrystallization of a phase with the orthorhombic (CF) structure; this implies that the CPO was preserved during the inversion to the lowerpressure cubic chromite structure. The zoning in the abundance of exsolved needles (Fig. 4a) suggests that grain growth accompanying or following the orthorhombic-cubic inversion expelled the exsolved phases to the grain boundaries, but left the CPO (lineation) intact.
In the same sample, the olivine grains (both included and interstitial) also have a strong CPO, produced by dislocation creep, that defines a foliation and a lineation parallel to the [001] axis of the enclosing chromite. Analysis of subgrain-boundary misorientation defines the slip system as (010) [001] , which is interpreted to have originated from deformation by dislocation creep within the mantle Transition Zone, and indicates that the observed (010)[001] fabric preserves the original (011)[100] fabric of wadsleyite (Satsukawa et al., 2015, and references therein) . These analyses strongly suggest that the current chromite-olivine assemblages were originally relatively fine-grained, strongly foliated and lineated aggregates of wadsleyite and CF-structured chromite, which experienced decompression into the olivine-chromite stability field with a minimum of deformation, but at temperatures high enough to promote grain growth in the chromite.
Numerous octahedral grains (50-200 lm; Fig. 5 ) made up of clinochlore, lizardite (Yang et al., 1981) or antigorite (Table 3 ) have been separated from the chromitites of orebody #31 (Luobusa), and have been referred to as 'pseudomorphs after cubic olivine' (Robinson et al., 2004) . Most such grains are cloudy to opaque, but re-examination of transparent grains has resulted in the recognition of a new mineral, provisionally termed 'BWJ'. The detailed description of this new phase will be presented elsewhere; crystallographic data are summarized in Supplementary Data Table A2 , and its chemical composition is given in Table 3 . BWJ has a cubic structure analogous to that of ringwoodite, but is an inverse spinel, with all Si in octahedral coordination, rather than in the tetrahedral position as in a cubic spinel structure. However, the composition of BWJ is not quite that of olivine; it has a small excess of Si and a deficit of Mg, as well as small amounts of Al, and is the anhydrous analogue of antigorite (Table 3) . BWJ has not been identified in situ, but chromite grains with abundant exsolution needles commonly contain numerous grains of the same shape and size (Fig. 5c) , now replaced by aggregates of antigorite; their compositions are consistent with hydration of the BWJ phase (Table 3 ). In some samples these pseudomorphs define rough linear arrays. We therefore suggest that phase BWJ formed through the subduction-dehydration of antigorite, equilibrating under conditions broadly consistent with the formation of ringwoodite or wadsleyite. The inverse-spinel structure is predicted to be stable at higher T but similar P (c. 2000 C at 15 GPa), compared with the normal ringwoodite structure (Kiefer et al., 1999) , although it does not appear to require the extreme conditions proposed by O'Neill & Navrotsky (1983) . However, phase BWJ may have been stabilized at lower temperatures by the excess of Si, and the small contents of Al, Cr, Ni and Na (Table 3) ; experimental synthesis studies clearly are required.
Perhaps the single phase in these rocks that has aroused the most controversy is diamond; crystals were recovered from heavy-mineral concentrates of the Luobusa chromitites more than 30 years ago (Bai et al., 1993 (Bai et al., , 2001 . Diamond was later reported from both chromitites and peridotites in several other massifs along the YZSZ ( Fig. 1 ; Supplementary Data Table A1 ). These diamonds (typically 50-500 lm across; Fig. 6 ) are distinct from those found in kimberlites, including the 'superdeep' diamonds with inclusions of Transition Zone and lower mantle minerals. The diamonds from Luobusa have been briefly described in several papers (Robinson et al., 2004; Yang et al., 2007 Yang et al., , 2014 Xu et al., 2009 Xu et al., , 2015 and characterized in detail by Howell et al. (2015) . They display cubo-octahedral morphology with flat cubic faces, which are not found on kimberlitic diamonds, and imply growth in a metal solvent (i.e. melt; Howell et al., 2015) . The d 13 C of the diamonds studied by Howell et al. (2015) is unusually low (-24 to -29) , especially when compared with cratonic diamonds; a wider range (-18 to -28) was reported by Xu et al. (2015) . The diamonds have moderate contents of nitrogen (100-300 ppm), but with no evidence of aggregation to N 2 (C centres only; Type Ib). Their N-isotope compositions are highly unusual; d 15 N data for the Luobusa diamonds thus distinguish them from synthetic HP-HT diamonds, and also suggest disequilibrium crystallization.
The trace element patterns [analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)] of the Tibetan diamonds are broadly similar to those of kimberlitic diamonds, with overall light rare earth (LREE) enrichment. However, unlike kimberlitic diamonds, they also display marked negative anomalies in redox-sensitive elements such as Eu, Sm, Yb and Y (Griffin et al., 2013; Howell et al., 2015) , and Fe is essentially absent; these features link the diamonds to the SuR-UHP mineral assemblage. The most common inclusions in these diamonds are Ni-Mn-Co alloys (mean Ni 70 Mn 25 Co 5 , but varying slightly in composition between localities); these appear from their shapes to have been trapped as melt droplets ( Fig. 6c and d) .
Many of the above characteristics (although not the highly variable d 15 N), are similar to those of synthetic diamonds grown industrially in metal fluxes at high-P, high-T conditions. However, most synthetic diamonds 
*Needle of 5 lm Â 50 lm. WDS, wavelength-dispersive spectroscopy; EDS, energydispersive spectroscopy.
analyzed by us contain Fe (derived from the flux), which is essentially absent in the Tibetan diamonds owing to the low fO 2 . We have recovered diamonds (40-250 lm; Fig. 6b ) from single small (1-2 kg) samples, collected independently in the field and processed in a clean facility using selFrag techniques (electrostatic disaggregation;
Teflon vessel; single-use disposable sieves), followed by hand-picking. This separation process is considered to rule out contamination by synthetic material.
Several diamonds have been observed in situ in polished sections (Yang et al., 2007 ; they typically occur within spherical to amoeboid bodies of 'amorphous carbon' (the nature of which remains to be established) within chromite grains or breccia zones in chromitites. Single crystals of SiC and corundum have been reported in a similar microstructural setting . The sum of evidence strongly suggests that the diamonds are natural, and represent a previously unrecognized process and environment for producing diamonds in the mantle. The diamond itself does not require Transition Zone (TZ) conditions to be stable, but the common Ni 70 Mn 25 Co 5 inclusions, which appear to have been trapped as melts, imply high T (>1200 C; Gupta, 1999 ; see also SGTE alloy databases online), consistent with material originating in the deep upper mantle (see below).
Majoritic garnets in peridotites
One of the perplexing aspects of the Tibetan peridotites is the contradiction between the presence of UHP trace minerals (e.g. diamond) and the absence of garnet peridotites; all of the ultramafic rocks appear to have equilibrated at relatively shallow depths but high T (spinel-to plagioclase-peridotite facies; 0Á5-1Á5 GPa, 1100-1250 C; Hebert et al., 2003; Liu et al., 2010; Xiong, 2015) . However, it was recently recognized that coarse symplectitic intergrowths of orthopyroxene þ spinel 6 clinopyroxene ( Fig. 7 ) may represent the breakdown products of high-pressure majoritic garnet. These have been identified in the Purang peridotite (Gong et al., in preparation) and have previously been described from other diamond-bearing peridotites along the YZSZ ( Fig. 1 ; Xigaze, Hebert et al., 2003; Zedang, Xiong, 2015) . They are similar in appearance and occurrence to other pyroxene þ spinel intergrowths interpreted as relics after mantle garnet: in peridotite xenoliths in kimberlites (Haggerty & Sautter, 1990; Sautter et al., 1991; Field & Haggerty, 1994; Medaris et al., 1997) and basalts (Smith, 1997; Shimizu et al., 2008) , in crustal UHP peridotites (Horoman complex, Morishita & Arai, 2003) , and in peridotite massifs showing other evidence for a deep origin (Lanzo, Piccardo et al., 2007; Ronda, Tub ıa et al., 2004) .
Reconstruction of the garnet compositions, following the procedures recommended by Takahashi (2001) and Morishita & Arai (2003) (Supplementary Data Table A3) gives Si contents (relative to 12 oxygens and eight cations) of 3Á2-3Á6, implying pressures >13 GPa (>400 km), well within the Transition Zone [see Griffin (2008) and Corgne et al. (2012) for summaries of relevant experimental work]. The high Cr content of the spinels, and of the reconstructed garnets, effectively rules out alternative origins, such as exsolution from high-T, low-P orthopyroxene. Interestingly, many of these same peridotites do contain large orthopyroxene porphyroblasts with several generations of finely lamellar exsolution of cpx and Al-spinel, suggesting rapid cooling from high T (Hebert et al., 2003; Xiong, 2015) .
Evidence for a shallow beginning
If the chromitites and the peridotites in at least some of the massifs of the YZSZ have come from the deep upper mantle or Transition Zone, how did they get there in the first place? Do they represent the primary composition of this deep mantle, or parts of shallower mantle subducted to Transition Zone depths? The compositions of the peridotites, both depleted and fertile, have their counterparts in the mantle sections of other ophiolitic complexes worldwide; the most depleted peridotites are usually found in ophiolites from SSZ environments, whereas the less depleted types may occur in several types of tectonic setting (Dilek & Furness, 2011) . There are no known processes that would produce the depleted peridotite compositions within the Transition Zone, because high degrees of partial melting are restricted to the uppermost 150-200 km of the mantle (Green & Falloon, 1998) . This suggests that these peridotites were originally carried into the Transition Zone from shallower environments.
The new cubic Mg-silicate (phase BWJ) described here is the anhydrous compositional analogue of antigorite; this is consistent with an origin as antigorite, trapped within chromite grains at shallow levels. We suggest that thin serpentine veinlets were necked down and annealed into inclusions with negative crystal forms, analogous to the development of fluid inclusions from fluid-filled cracks. Serpentine minerals break down at depths of 220 km or less in subduction zones (Ulmer & Trommsdorff, 1995) , to be succeeded with increasing pressure by a series of dense hydrous magnesium silicates (e.g. Kawamoto, 2004; Litasov & Ohtani, 2007) . We therefore interpret the presence of phase BWJ as evidence that the enclosing chromitites originated at shallow levels and low T, where they could be serpentinized, and then were dehydrated during subduction, and/or by heating during residence of the subducted material in the Transition Zone.
This suggestion is consistent with the major and trace element signatures of the YZSZ chromitites themselves. They are typical of SSZ chromitites in ophiolitic complexes that show no evidence of subduction (Gonz alez-Jimé nez et al., 2014b; McGowan et al., 2015) . Indeed, a major element geochemical study of the chromitites of the Luobusa massif, where evidence of Transition Zone metamorphism is most abundant, concluded that the chromitites crystallized from 'boninitic melts' (Zhou et al., 1996 (Zhou et al., , 2014 ; in other words, they originated in a relatively shallow SSZ environment. (2001) has the composition SiO 2 49Á2%, Al 2 O 3 13Á6%, Cr 2 O 3 6Á9%, FeO 7Á3%, MgO 24Á4%, CaO 2Á4%, and minor Ti and Mn; this gives Si 3Á23 atoms for eight cations and 12 oxygens, corresponding to a pressure of c. 13Á5 GPa (Corgne et al., 2012) .
A second line of evidence comes from magmatic zircons found in some of the chromitites. Previous, largescale sampling of the chromitites has yielded abundant zircons, but those that have been described (Yamamoto et al., 2013; Robinson et al., 2015) clearly are xenocrystic. Their morphologies suggest a detrital history; they contain abundant inclusions of crustal minerals and they show a range of concordant ages from Archean to 96 Ma, the latter significantly younger than the final accretion age (c. 130-120 Ma) of the ophiolites. We also have separated such zircons from hand-samples, but regard them as irrelevant to the origins of the ophiolitic peridotites (see discussion below).
However, some samples of massive chromitite contain a single, well-defined population of euhedral, obviously magmatic zircon (Fig. 8; McGowan et al., 2015) with O-and Hf-isotope compositions indicative of mixing between mantle-derived and slab-derived melts. Such mixing or mingling of melts is also the most probable mechanism for the generation of chromitites in (Leier et al., 2007) , and detrital zircons from the Lhasa block Aitchison et al., 2011) . A noteworthy feature is the presence in both (c) and (d, e) of the major peaks at c. 120 Ma, extending to ages (<100 Ma) significantly younger than the age of ophiolite emplacement (c. 130 Ma), and a major population between 400 and 1000 Ma, as well as a scatter of older inherited grains.
SSZ environments (see review by Gonz alez-Jimé nez et al., 2014b). This population gives a well-defined Concordia age of 376 6 7 Ma.
The same samples, and others examined by us, contain inclusions of laurite (RuS 2 ) and rare Os-Ir, typical of many SSZ chromitites ( Fig. 9 ; Gonz alez-Jimé nez et al., 2014a); we interpret these as primary magmatic phases. In situ analysis of their Os-isotope compositions (Table 4) gives T RD ages ranging mainly from c. 100 to 630 Ma with a pronounced peak at c. 340 Ma (Fig. 10a) ; this peak is within the uncertainties of the zircon age, and both ages are significantly older than the emplacement of the peridotites to shallow levels (c. 170-150 Ma; see below). The platinum-group minerals (PGM) occur in chromites showing the cpx-SiO 2 exsolution, described above, and have served as nucleation points for the exsolution of diopside and possibly olivine (Fig. 9) . We suggest that these are SSZ PGM, formed as liquidus phases and trapped during the precipitation of the chromite (see Brenan & Andrews, 2001; Bockrath et al., 2004) . This implies that they survived subduction into the Transition Zone and the conversion of the chromite to the CF-structured polymorph. Such survival appears to be inconsistent with experiments showing that laurite is replaced by Ru-(Os-Ir) alloys with increasing T >1275 C (Brenan & Andrews, 2001 ). However, these were 1 atm experiments and the pressure effect is unknown; the apparent coexistence of laurite and Os-Ir (Fig. 9i ) may document a two-phase stability field at higher pressures and temperatures.
A suggested P-T-t path
A P-T grid constructed from published experimental work, the reported mineralogy and available geochronology suggests a P-T-t path for the Luobusa-Kangjinla massif and some other YZSZ peridotites (Fig. 11a) . The antigorite stability field is taken as the starting point, based on the proposed original composition of phase BWJ from Luobusa, and other evidence of a shallow origin. The curve defining the breakdown of diopside to olivine (wadsleyite-ringwoodite) þ CaSiO 3 perovkite þ stishovite probably represents a maximum depth, as euhedral diopside, clearly in textural and chemical equilibrium with chromite (Table 2; Fig. 3 ), is abundant in some samples, but Ca-perovskite has not been recognized. The work of Satsukawa et al. (2015) implies P-T conditions in the stability field of wadsleyite, which may also be consistent with the presence of the inverse-ringwoodite structure of phase BWJ, as discussed above.
The significance of the exsolution of coesite and chromite was recognized by Arai (2010 Arai ( , 2013 , who suggested a recycling process, although without other constraints or a proposed mechanism. The conversion of chromite to the CF structure was originally studied by Chen et al. (2003) , who determined a pressure of 12Á5 GPa at 2000 C. This pressure was later taken as the depth of the transition in the Luobusa chromitites (Yamamoto et al., 2009; Yang et al., 2015) , without considering the possible temperature dependence. More recent work suggests pressures >24 GPa at 300 K (Kyono et al., 2009 ) and studies using natural Luobusa chromitite as a starting material have determined pressures close to 14 GPa at 1600 C Jin et al., 2014) . The curve in Fig. 11 has been provisionally drawn on the basis of these data; it appears to agree with other indications and to support a pressure range in the upper part of the Transition Zone.
We therefore suggest that the subducted SSZ mantle arrived in the upper Transition Zone (13Á5-15 GPa) at temperatures of the order of 850-1100 C, consistent with numerous models of slab geotherms (Fig. 11b) . During residence in the upper part of the Transition Zone, it may have been heated to temperatures !1500 C. Constraints on the degree of heating may be provided by some of the trace minerals. Separates from the chromitites and peridotites contain abundant spherules of Fe, typically rimmed by FeO and with inclusions of various Fe-Ti alloys ( Fig. 2 ; Robinson et al., 2004; Xu et al., 2015) . If these formed as melts, the implied temperatures are >1500 C (Fig. 11b) . A minimum T may be derived from the melting T at P ¼ 14 GPa (1300-1350 C; Gupta, 1999) of the Ni-Mn-Co alloys included in the diamonds.
We therefore illustrate two adiabatic exhumation paths beginning in the Transition Zone, one starting at !1500 C and the other at c. 1300 C (Fig. 11b, point 1) . In this scheme, the diamonds could in principle form anywhere from the Transition Zone to the depth of the diamond-graphite reaction. The time-temperature requirements imposed by the N-aggregation data (Howell et al., 2015) suggest that the shallower depths and lower temperatures (point 2) may be more probable (see below), but do not explain the apparent presence of Fe melts. Both paths are curved at shallow depth, reflecting rapid cooling relative to uplift, to avoid crossing the dry harzburgite solidus, as there is no field evidence for melting of the peridotites. Each of these paths cools through the last equilibration conditions defined for the spinel peridotites (Point 3; 1155-1255 C, 0Á5-1Á1 GPa; Girardeau & Mercier, 1988 ) and the P-T estimates from garnet-clinopyroxene amphibolites interpreted as the emplacement soles of the peridotite massifs (Point 4; 750-875 C, 1Á3-1Á5 GPa at c. 125 Ma; Guilmette et al., 2008) .
Summary of timing of events
There are several time constraints on the P-T-t path, as follows.
(1) Generation of the chromitites in an SSZ environment at c. 375 Ma (McGowan et al., 2015; Fig. 8c ); subduction may have followed within 10-40 Myr, the typical life of such systems . Similar ages (364-373 Ma) have been reported for gabbros from the Dangxiong and Najiu ophiolites , and from the Iranian sector of the extended suture (Moghadam et al., 2015) , and have been taken as evidence of a relationship to subduction within the Paleo-Tethys ocean. (2) Residence in the Transition Zone until at least 230 Ma, as defined by the Re-Os T DM ages of Os-Ir nuggets from Luobusa, with compositions indicating high T ( Fig. 10b ; Shi et al., 2007) . (3) Stratigraphic evidence (deposition of marine sediments -0Á00056  0Á00012  0Á12524  0Á00003  0Á406  0Á004  This study  LBS14-6G-P2  -0Á00020  0Á00030  0Á12512  0Á00084  0Á424  0Á119  This study  LBS14-7B-P2  -0Á00020  0Á00030  0Á12512  0Á00084  0Á424  0Á119  This study  LBS14-7E-P1  0Á00008  0Á00006  0Á12593  0Á00015  0Á309  0Á021  This study  LBS14-7P-P2  0Á00041  0Á00047  0Á12638  0Á00034  0Á245  0Á048  This study  LBS14-8J-P1  0Á00007  0Á00004  0Á12571  0Á00003  0Á340  0Á004  This study  LBS14-8G-P1  0Á00056  0Á00017  0Á12589  0Á00030  0Á315  0Á043  This study  LBS14-5E-P1  0Á00006  0Á00008  0Á12615  0Á00020  0Á277  0Á028  This study  LBS14-5D-P1  0Á00014  0Á00007  0Á12573  0Á00010  0Á337  0Á014  This study  LBS14-6D-P1  0Á00004  0Á00030  0Á12612  0Á00016  0Á281  0Á023  This study  KJL14-9D-P2  0Á00060  0Á00053  0Á12267  0Á00060  0Á770  0Á084  This study  LBS14-6G-P1  -0Á00014  0Á00010  0Á12697  0Á00012  0Á160  0Á017  This directly on the peridotites), and dating of dikes that cross-cut serpentinized peridotites, suggests that some massifs were emplaced to very shallow depths, probably at the sea floor (see below), by late Jurassic times (c. 150-170 Ma) whereas others were emplaced over a short period around 120-135 Ma (Girardeau et al., 1985a (Girardeau et al., , 1985b Dai et al., 2013; Liu et al., 2014; Xiong et al., 2016) . Thus the Luobusa peridotite may have spent at least c. 200 Myr in the Transition Zone before being exhumed.
DISCUSSION

An evolutionary model
Putting the evidence presented here into a geodynamic context requires plausible answers to the following two questions.
(1) How did the SSZ mantle peridotites containing the chromitites reach TZ depths? (2) How did they come back to shallow depths?
In light of our current understanding of geodynamic processes in collisional environments, the second question is easier to answer. Moresi et al. (2014) have modeled the process of slab roll-back and the accumulation of subducted material in the Transition Zone, and shown how an impediment to subduction in one segment of a suture (for example, by the arrival of a sliver of continental material) leads to accelerated roll-back in adjacent segments. This tectonic situation is typical of the late-stage closure of ocean basins, especially near the tips of 'ribbon continents' such as those that make up the Tibetan margin. Such roll-back induces largescale mantle upwelling in front of the retreating slab.
Afonso & Zlotnik (2011) used two-dimensional thermomechanical simulations to model the evolution of a collisional zone that experiences such slab roll-back.
The results of such modeling show that passive upwelling (forced return flow) begins as a large-scale, longwavelength feature in response to both the downward penetration of the slab into the mantle and its roll-back, but quickly develops into a narrow upwelling rising rapidly from the Transition Zone (McGowan et al., 2015; Fig. 12 ). This narrow upwelling channel is favored by non-linear rheologies (Afonso & Zlotnik, 2011) . Although the upper mantle involved in the upwelling will experience large shear strains, harzburgitic bodies embedded within the upwelling mantle will undergo significantly less internal deformation. This is due to the rheological (i.e. viscosity) contrast expected between the normal (water-rich) mantle and the much drier harzburgite volumes (see Manga, 1996; Karato, 2008) . Typically, dehydration owing to partial melting increases viscosity by factors of 50-100 in olivine-rich rocks (e.g. Afonso et al., 2008; Karato, 2008) , and even a factor as low as 10 will effectively isolate the higher-viscosity volumes from significant strain during upwelling (Manga, 1996) . As noted above, many of the YZSZ peridotites appear to be unusually anhydrous except in zones of obvious later tectonism associated with their crustal history. The exhumation process would be even more effective if the material in the Transition Zone was inherently buoyant, as in the case of thermally equilibrated, depleted harzburgite. A harzburgitic body could retain up to $5% chromitite and still remain buoyant; the geological map of the Luobusa massif, which contains the largest and most abundant chromitite deposits, suggests that the actual proportion of chromitite is < 1%.
The numerical simulations of Afonso & Zlotnik (2011) and Moresi et al. (2014) suggest that the time scale for transport of a large body of harzburgite from Table A4 ), and (c) whole-rock samples of chromitites and peridotites from the YZSZ (data from Supplementary Data Table A4 ). Vertical dashed lines mark model ages of 1, 2 and 3 Ga.
$500 km depth to shallow lithospheric levels by the above process is of the order of 7-10 Myr. The last 100 km of the ascent would take significantly less than 1 Myr, and would be followed by rapid cooling at shallow depths. This model has several attractive features, including a plausible mechanism for the preservation of diamonds with unaggregated nitrogen in both harzburgites and chromitites (Howell et al., 2015) , coesite inclusions in chromitites (Yamamoto et al., 2009) , and oriented needles of diopside and magnetite in the olivine of dunites (Ren et al., 2008) . The prismatic aggregates of coesite/stishovite and kyanite described by . Reconstructed P-T-t path for the Luobusa-Kangjinla peridotite body. (a) Stability fields of hydrous phases and curves for relevant reactions and T constraints (for data sources see text); green oval indicates a probable P-T region for coexistence of wadsleyite, CF-structured chromite and majoritic garnet. Red arrow illustrates subduction of mantle wedge material into the Transition Zone, followed by heating to at least 1300 C, the melting point of alloy inclusions in diamonds (T M NiMnCo; Fig. 6 ) at TZ depths, or to > 1500 C [melting point of Fe (T M Fe; Fig. 2) ]. (b) Two end-member (low-T, high-T) uplift paths (red continuous and dashed curves with arrow), parallel to the mantle adiabat, are illustrated. Formation of diamonds is possible at point (1), but formation near point (2) would be more consistent with the lack of nitrogen aggregation in the diamonds. Points (3) and (4) represent points on the path determined by geothermobarometry (see text). Dobrzhinetskaya et al. (2009) clearly represent a disequilibrium microstructure, suggesting rapid reaction, inversion of stishovite to coesite, and quenching. Similarly, many of the spherules of metallic alloys separated from the chromitites display disequilibrium microstructures (Fig. 2) , suggestive of unmixing and quenching, and some contain blades of graphite (Robinson et al., 2004) . Majoritic garnet, stable in the Transition Zone, could break down progressively during ascent of the harzburgites, hindering microstructural equilibration; rapid ascent and cooling in the final stages of uplift may explain the preservation of pseudomorphs (Fig. 7) in some rocks.
The answer to the question of how parts of the SSZ mantle could have reached TZ depths is more difficult, with ambiguous support from thermomechanical simulations. Geochemical and petrological evidence suggests that the chromitite-bearing harzburgites were formed in SSZ-type mantle, although the temperature and pressure conditions of formation are poorly constrained. We therefore suggest two (speculative) processes that potentially can result in the subduction of SSZ rocks into the Transition Zone.
In one scenario, the chromitite-bearing harzburgites are formed at relatively high temperatures within the mantle wedge, depleted by melting induced by fluids from the slab. This scenario resembles a widely accepted model for the formation of SSZ ophiolites (Gonz alez-Jimé nez et al., 2014a). However, thermomechanical simulations suggest that this hot, buoyant mantle wedge is difficult to subduct. Wedge mantle would be forced to move towards the top of the slab, cool down, and be dragged down by the largescale downward flow produced by the subducting slab (Fig. 13a) . Although numerical simulations demonstrate that a significant volume of the mantle wedge can be carried down with the slab in this way, the chemical buoyancy of harzburgites compared with normal mantle wedge rocks would tend to resist the passive drag towards the TZ. However, it is plausible that the largescale circulation produced by the subducting slab would overcome this positive buoyancy.
This scenario, however, poses another question: how do these harzburgitic bodies stay in the TZ for extended periods of time? There is no obvious reason why they should stay significantly cooler than the surrounding mantle while at TZ depths for hundreds of million years. Once they were thermally equilibrated, their chemical buoyancy would render them unstable and force them to return to shallower levels on relatively short time scales.
An alternative scenario that overcomes some of the above difficulties involves the erosion of old lithospheric mantle by direct or indirect action of the subducting slab. In this model (Fig. 13b ) the oceanic plate is subducting below continental, rather than oceanic mantle; this is consistent with the Os-isotope evidence that the harzburgitic mantle represents ancient subcontinental lithospheric mantle (SCLM) ( Table 4) . Mechanical erosion of the lower parts of the lithospheric mantle of the overriding plate has been proposed to explain a variety of processes in subduction environments (e.g. . The red star indicates the path of a low-density passive tracer, which was at 520 km depth at the beginning of the simulation. No velocity boundary conditions are imposed; velocities are controlled entirely by the balance between internal forces (e.g. buoyancy, shear resistance). More details of the method have been given by Afonso & Zlotnik (2011) ; a video of the whole process is provided in Supplementary Data Fig. A1. (a) The concomitant subduction and steepening of the slab generates a large-scale passive upwelling down to the TZ. (b) This broad upwelling evolves into a narrower 'channel' (favored by a non-linear rheology) with velocities of the order of 3-8 cm a -1 . (c) Once the continental plate arrives at the trench, subduction slows down and slab break-off occurs. At this point, material initially at TZ depths has been brought up to lithospheric depths in < 10 Myr, where it can become part of smaller-scale lithospheric tectonic processes. Fig. 13 . Schematic illustration of the proposed evolution of the YZSZ peridotites. (a) Standard model for depletion of SSZ peridotites, and local formation of chromitites, by the infiltration of slab-derived fluids into the oceanic mantle wedge, inducing melting. Temperature field and flow lines are estimated from thermomechanical studies (see Fig. 12 ). As discussed in the text, this model produces hot, depleted (highly buoyant) volumes in the shallow part of the wedge, and a 'slip zone' along the top of the slab, both of which impede subduction of the peridotites and chromitites. (b) An alternative model, in which the subducting slab is in contact with a block of ancient SCLM, which is relatively cold and already depleted; chromitites and associated dunite channels are formed as in (a), by reaction of slab-derived fluids and melts, but in an overall cooler environment. C; the denser, less depleted slab may descend into the Lower Mantle. (e) Arrival and roll-back of a new slab promotes broad mantle upwelling (Moresi et al., 2014) , which rapidly develops into dynamic channelized upwelling that carries buoyant material up from the Transition Zone to shallow depths on short timescales (7-10 Myr; Afonso & Zlotnik, 2011; McGowan et al., 2015) . (f) Emplacement of rising harzburgitic mantle into a back-arc or forearc basin along the YZSZ during Jurassic or Cretaceous SSZ processes, forming new sea floor in some areas. Once in this position, the peridotites were subjected to repeated thrusting during the final closure of Neo-Tethys. OLM, oceanic lithospheric mantle; Cont., continental; SCLM, subcontinental lithospheric mantle. 2014) and it has been observed in numerical simulations (e.g. Arcay et al., 2005; Sobolev & Babeyko, 2005) . Levander et al. (2014) have proposed the convective removal of continental margin SCLM by a subducting oceanic slab to explain geophysical data from NE South America and the Gibraltar arc; in these situations, as in our model, detached SCLM apparently is being subducted to depths of 250 km to > 500 km. Chemical modification by slab-released fluids may also assist in the destabilization of parts of the overriding lithospheric mantle (Humphreys et al., 2003) ; this would be consistent with the formation of chromitites and their dunite envelopes within old, previously depleted and relatively cool SCLM (Shi et al., 2012b) . On average, these lower parts of the subcontinental lithosphere can be up to 250 C colder than a typical oceanic mantle wedge. Such thermal negative buoyancy readily counteracts the intrinsic chemical buoyancy of the SCLM, favouring its subduction into the TZ (Fig. 13c ). Once at TZ depths, it would also take longer for these fragments of SCLM to become heated to the point of positive buoyancy, depending on the original size of the bodies (Fig. 13d) . It should be noted that this process is not limited to collisional environments and, in principle, provides a general mechanism for carrying SSZ lithospheric material into the deep mantle.
Geological implications
Early ideas about the setting of the YZSZ ophiolites (Nicolas et al., 1981; Pearce & Deng, 1988) were influenced by assumptions about the stratigraphic relationships between sedimentary and igneous units in the central and eastern parts of the suture zone. The overall paucity of mafic igneous rocks led to suggestions that the peridotite massifs represented oceanic lithosphere beneath slow-spreading ridges with low heat flow (Nicolas et al., 1981) . Girardeau et al. (1985a Girardeau et al. ( , 1985b recognized that the Xigaze ophiolite, commonly cited as the most complete example of an 'ophiolite section' in the YZSZ, is not typical of mid-ocean spreading ridges, and suggested that it formed in a small intra-oceanic extensional basin. Later investigations stressed the tectonic contacts between most lithological units, and favored a complex arc-backarc (SSZ) setting, as in the case of most chromitite-bearing ophiolites Hebert et al., 2003; Bedard et al., 2009; Bezard et al., 2011) .
As more geochronological and geochemical data have accumulated, it has become apparent that along much of the YZSZ, mafic magmatism was confined to a short interval from about 130 to 120 Ma, and that the ultramafic rocks and the mafic rocks are isotopically distinct and probably unrelated (Gøpel et al., 1984; Dai et al., 2013) . The ages of radiolarian cherts interbedded with and overlying the volcanic rocks in the Xigaze area suggest that this entire magmatic episode lasted only about 6 Myr (123-117 Ma; Ziabrev et al., 1999 Ziabrev et al., , 2003 . The generation of a spectrum of mafic rocks ranging from mid-ocean ridge basalt (MORB)-like to arc-like, all in one area and on such a short time scale, suggests a forearc setting, with rapid extension related to subduction initiation and rapid slab roll-back (Dai et al., 2013; Moresi et al., 2014) . This is consistent with the model presented here, except that two similar episodes (c. 170-150 Ma and 130-120 Ma) may be required to produce the two age populations of ophiolites currently recognized.
This model also resolves some apparent conflicts in the geology and petrology of the YZSZ ophiolites. For example, the mafic rocks 'associated' (tectonically juxtaposed) with the YZSZ peridotites are JurassicCretaceous in age and mainly have MORB affinities (Zhou et al., 2002; Zhong et al., 2006; Zhang et al., 2005 ; other references have been given by Dai et al., 2012 Dai et al., , 2013 . This is not easily reconciled with the petrology of the ultramafic rocks, which show a two-stage evolution with extreme depletion overprinted by an SSZ trace element signature (including the chromitites; Zhou et al., 1996 Zhou et al., , 2005 Zhou et al., , 2014 . A similar situation is found in the Zedang area to the west, where MORB-like basalts (Zhang et al., 2005) give Jurassic Sm-Nd ages (175 6 20 Ma; Wei et al., 2006) and radiolarian ages are Bathonian to late Callovian (161-168Ma 6 11 Ma; Aitchison et al., 2007b) yet the peridotites display SSZ-type trace element signatures (Xia et al., 2003; Hebert et al., 2012) . However, if the signatures of depletion and SSZ trace element enrichment in the harzburgites were inherited from ancient delaminated SCLM and a Devonian SSZ environment, as proposed here, there is no dilemma. Aitchison et al. (2003; see also Bedard et al., 2009 ) recognized that each of the peridotite massifs along the YZSZ appears to have originated in a range of (mainly SSZ) environments and at different locations; this is supported by paleomagnetic data (Abrajevitch et al., 2005) and petrological studies (Hebert et al., 2003 Liu et al., 2012) . This diversity is expected if the peridotite massifs represent 'random samples' of material emplaced into the Transition Zone at various times and places in the past, and excavated by one or more subduction systems during closure of the Neo-Tethys ocean.
Other models-questions and answers
The SuR-UHP mineral assemblage (Griffin et al., 2013; Supplementary Data Table A1 ) was first ascribed to deep subduction (Bai et al., 2001) , but several later models do not recognize the constraints imposed by this mineralogy, focusing instead on the possibility of diamonds, in particular, being widespread in the asthenospheric mantle, or forming in subducted slabs (e.g. Yang et al., 2007; Zhou et al., 2014; Robinson et al., 2015) . However, this category of models is not consistent with evidence derived from the latest studies on these diamonds (Howell et al., 2015) . Their striking differences from kimberlitic diamonds make it unlikely that they are simply widespread components of the mantle. Their high-T metallic inclusions are inconsistent with formation in a low-T slab environment; their N-aggregation characteristics argue against a long mantle residence; and their N-isotope characteristics suggest disequilibrium crystallization.
Another suite of models accepts the possibly Transition Zone nature of the mineralogy, but fails to supply a realistic explanation for the occurrence of SuR-UHP assemblages in both chromitites and peridotites. A common thread in such models (e.g. Yang et al., 2014 Yang et al., , 2015 Xiong et al., 2015; Xu et al., 2015) is that single chromite grains have crystallized from melts (and trapped their inclusions) in the Transition Zone, then have been carried up by fluids or 'plumes', and deposited as massive chromitites in the upper mantle. These models also face several problems.
(1) The crystallization of chromite from mafic or ultramafic melts in the Transition Zone is not consistent with available experimental evidence. Such melts are unlikely to be generated in the Transition Zone; the deepest komatiite-like melts are considered to come from depths of c. 330 km (Herzberg, 1992) . Even if such melts did exist in the Transition Zone, they would not crystallize chromite; their liquidus phases would be majoritic garnet and pyroxene (Irifune, 1985; O'Neill et al., 1993; Robin-Popieul et al., 2012) .
(2) Chromite, a very dense phase, is unlikely to be carried >400 km up through the mantle in melts or fluids. Komatiitic melts would be denser than the surrounding peridotite at P >13 GPa, preventing their rise (Robin-Popieul et al., 2012) .
(3) The microstructures of the chromitites ( Fig. 4 ; Satsukawa et al., 2015) are consistent with metamorphism of the chromitites in the Transition Zone, and grain growth during ascent, but not with the rise of single chromite grains, or even small volumes of chromitite. All evidence indicates that the massive chromitites, some of which form very large ore bodies, were exhumed as coherent volumes of rock, protected by their envelopes of dunite and harzburgite. The exsolution structures consistent with Transition Zone metamorphism have now been found in massive, nodular and disseminated chromites (Fig. 3) , confirming a similar history for all types of chromite.
(4) The most probable models for chromitite formation involve shallow processes, with mixing or mingling of magmas, and sedimentation and transport of chromite-olivine aggregates (see review by Gonz alezJimé nez et al., 2014a, 2014b); this is consistent with the O-and Hf-isotope signatures of the magmatic zircons described by McGowan et al. (2015) .
(5) The major and minor element compositions of the chromitites with the SuR-UHP mineral inclusions are indistinguishable from those of chromitites formed in shallow ophiolitic environments.
(6) The same SuR-UHP phases are found in the chromitites, in their host peridotites, in peridotites in which chromitites have not been reported and in pyroxenites within these peridotites (Xiong, 2015) . This observation is not accounted for by models that depend on the igneous crystallization of chromite in the Transition Zone.
'Crustal' minerals in peridotites and chromitites
The mineral separates from the chromitites (and peridotites) contain many 'crustal' minerals (zircon, quartz, corundum, K-feldspar, plagioclase, apatite, amphibole, rutile, titanite, kyanite, andalusite, almandine garnet; Robinson et al., 2015) . Corundum contains inclusions of the SuR-UHP assemblages , but the other phases are clearly not of high-P origin. The ages of the separated zircons span a very wide range (Fig. 8c) . Various explanations have been proposed, including the ubiquitous presence of recycled crustal material in the upper mantle (Yamamoto et al., 2013) ; this would not seem to explain the presence of low-P phases in samples with evidence of a possible Transition Zone history. Robinson et al. (2015) proposed that the chromitites and peridotites were contaminated by slab-derived fluids, which is difficult to reconcile with the preservation of the Transition Zone microstructures described above.
However, the presence of these crustal minerals poses a problem for the proposed model only if it is assumed that they were present in the peridotites before their deep subduction. Although there is little or no information on the petrographic context of most of these minerals, age data from zircons can provide some insights. Belousova et al. (2014) have demonstrated that zircon populations in the ophiolitic rocks of the Coolac Belt in SE Australia match those in the surrounding S-type granites, including both the magmatic population and the inherited ones. They concluded that all of the zircons were physically introduced into the ophiolitic rocks by melts or fluids derived from the granites, during and after emplacement. A similar situation is suggested by the presence, in the Luobusa chromitite and other bodies, of zircons with concordant ages that are 10-30 Myr younger than the accepted ages of the emplacement of the 'ophiolites' (Yamamoto et al., 2013; Fig. 8c ). This suggestion is supported by the similarities between the zircon age spectra shown by Yamamoto et al. (2013) and Robinson et al. (2015) and those from Jurassic-Cretaceous sediments (zircons recycled from still older sediments) and igneous rocks of the Lhasa area (Leier et al., 2007; Wu et al., 2010; Aitcheson et al., 2011;  Fig. 8d and e) . This could be further tested by integrating zircon Hf-isotope data with the U-Pb ages.
The YZSZ ophiolites are intruded by dikes (some felsic; plagiogranites, adakites, quartz diorites) that cut both the mantle rocks and the mafic parts of the sections. Additionally, some of the ophiolites have been thrust over, and interleaved with, felsic rocks of the Gangdese batholith and Triassic to Cretaceous sediments at various stages in their complex emplacement history . This tectonic activity could have provided opportunities for the ultramafic rocks and chromitites to be contaminated with crustal material during and after their emplacement in the crust. Some of our samples have yielded calcic plagioclase and rare grains of amphibole. Liu et al. (2010) argued that these phases represent relatively shallow (i.e. late-stage) infiltration of the peridotites by subduction-related melts of the types described by Bezard et al. (2011) , whereas Borisova et al. (2012) have described veins of diopside þ anorthite in the Oman ophiolite, related to high-T (!900 C) hydrothermal activity. It therefore appears probable that the 'crustal' minerals in the chromitites and peridotites represent syn-to post-emplacement natural contamination.
However, there are still unresolved problems with regard to some 'crustal' phases that we interpret as presubduction.
(1) Synthetic ZrSiO 4 inverts to a scheelite-structured polymorph (reidite) at high P and T [variously estimated at 12-15 GPa at 900 C (Reid & Ringwood, 1969; Liu, 1979) or at 8-10 GPa at 900-1400 C (Ono et al., 2003) ]. The euhedral zircons ( Fig. 8) with 375 Ma ages, separated from a massive chromitite, should have gone through this transition. However, it is not clear that these experimental results on pure ZrSiO 4 are applicable to natural zircons with high contents of Hf (1 wt %) and REE. It also is not clear how this transformation could happen without obliterating the magmatic zoning in the zircons (Fig. 8) , although it does not involve any change in the coordination of Si and Zr, and might be easily reversed.
(2) These zircons also might be expected to show disturbed U-Pb systems owing to the high T predicted from the model, but most define a single concordant age (McGowan et al., 2015) . However, magmatic zircons commonly retain ages to very high T; high P might also tend to inhibit the loss of Pb, although this has not been tested experimentally.
(3) The same zircons have euhedral prisms of fluorapatite (3-4% F) on their crystal faces, and as inclusions (Fig. 8a) ; these should have broken down to Ca 3 (PO 4 ) 2 at > 13 GPa at c. 1300 C (Murayama et al., 1986) . We could suggest that the apatite may be stabilized to higher P by high contents of REE and Sr, but note that the reaction is also easily reversible. The apatite crystals have not yet been examined by TEM to see if they show any indication of recrystallization.
Corundum, SiC and super-reducing conditions
Assemblages such as SiC þ Si imply 'super-reducing' conditions with fO 2 well below the iron-wü stite (IW) buffer, which is commonly considered as a limiting value for the deep mantle (Frost & McCammon, 2008) . This raises the question of how to generate such low fO 2 , and where on the P-T path these conditions might have been relevant. Low fO 2 in the Transition Zone is suggested by the presence of native Fe coupled with the high levels of Fe 3þ (micro-Møssbauer spectroscopy) in the massive chromitites that show diopside/coesite exsolution (Ruskov et al., 2010; McGowan et al., 2015) ; this is consistent with the dissociation reaction Fe 2þ ! Fe 3þ þ Fe 0 . Ruskov et al. (2010) regarded the high levels of Fe 3þ in the massive chromites as evidence that the chromites were in the CF structure at the time, as this structure can accommodate more Fe 3þ than the cubic structure. O'Neill et al. (1993) suggested that the Transition Zone may represent a shell with low fO 2 between the more oxidized upper and lower mantle, but envisioned fO 2 near the IW buffer ('metal saturation'). Some of the native elements in the SuR-UHP assemblage (Ni, Co, Fe) do not require fO 2 below the IW buffer, but others such as Ti and Cr (Supplementary Data  Table A1 ; Yang et al., 2015) imply fO 2 even lower than Si-SiC at low T. However, at higher temperatures these native elements can exist under relatively less reducing conditions; for the Transition Zone temperatures estimated above (1300 to >1500 C), the required fO 2 is in the same range as Si-SiC (IW -4 to -6). Understanding the processes that generate these conditions is still a challenge; we suggest that they may reflect the introduction (and disassociation) of CH 4 from the deeper Earth, and that this influx may have been limited to discrete channels or other structures, producing a patchwork of variable P-T-fO 2 conditions. This aspect of the problem cannot be rigorously addressed until more detailed constraints from coexisting phases are available.
Corundum is relatively common in mineral separates from some YZSZ localities, occurring as crystal fragments up to several millimeters long; some of the more unusual phases reported from the chromitites (e.g. silicides, carbides, nitrides) occur as inclusions in corundum . This raises the question of where, and when in the history of the peridotites, these SuR conditions have occurred. In a remarkable parallel, corundum (sapphire, ruby and non-gem corundum) is associated with coarse-grained moissanite (SiC) in the Rakefet mafic igneous complex at Mt Carmel (Israel) and associated alluvial deposits (Roup et al., 2009) . Crystals of SiC range up to 4Á1 mm in size; we have documented both 4H and 6H polytypes using Raman spectroscopy (Huang et al., in preparation) . The nongem corundum contains abundant inclusions of phases requiring very low fO 2 , including native V, TiC and TiN. The geological situation suggests a shallow (<150 km) origin (Apter, 2014; Toledo et al., 2015) . The similarities in mineral assemblage allow us to speculate that the corundum, and potentially much of the SuR assemblage, may represent conditions reached within the peridotite or chromitite rocks of the Luobusa massif at relatively shallow depths during their ascent.
Preservation of macroscopic structures
Macroscopic structures typical of ophiolitic chromitites (modal banding, transitions from massive to nodular to disseminated chromitite, chromite pods with dunite selvedges) are preserved in many parts of the Luobusa chromitites (see Xu et al., 2011; Xiong et al., 2015) .
Preservation of these structures during the subductionexhumation history proposed here may seem improbable to structural geologists. However, several points are worth making in this context.
(1) Some massive chromitites show clear evidence of internal high-P deformation and grain growth (Fig. 4) although the macroscopic structures remain apparently undisturbed. Similarly, single nodules in the nodular chromites typically consist of a few large crystals, suggesting metamorphic recrystallization.
(2) Many of the chromitites, and especially the peridotites, have been strongly deformed and recrystallized at low pressures (A-type lattice-preferred orientation; dominant (010)[100] slip system), producing coarsegrained, coarsely foliated or lineated rocks (Girardeau et al., 1984; Xu & Jin, 2010) .
(3) In the model proposed here, the peridotite bodies would be carried up within rapidly upwelling mantle, aided by their own buoyancy. In this situation, as noted above, strain will be concentrated at the interface between the harzburgite massif and the surrounding more ductile asthenosphere. This can protect the interior of the body from major deformation and fluid access during the mantle portion of its journey. It may be significant that the largest massifs, such as Purang, are generally very fresh.
(4) It important to recognize that the less deformed domains (those commonly illustrated) represent strain shadows in mantle-derived tectonites, and, as such, provide valuable insights into the history of these ultramafic bodies; we can regard them as windows into the past.
Ophiolitic crust-mantle sections
There are no known exposures of traditional UHP rocks, such as eclogites, among the ophiolites of the YZSZ, despite the evidence that some peridotites and chromitites have a (very) UHP history. In our model, this is explained by the subduction of ancient SCLM, which would not carry oceanic crust, and by the probability that any associated mafic material, once converted to eclogite during subduction, would be more likely to sink into the lower mantle, rather than rise to the surface (Afonso & Zlotnik, 2011) . It has been suggested that arguments for a high-pressure history for the ultramafic rocks are inconsistent with the preservation of complete ophiolite sections in these ultramafic rocks (see Yang et al., 2007 , and references therein). There are two aspects to this question. One relates to the existence of such sections; the other is the relevance of such sections, if they do exist.
The classical definition of an ophiolite section (the 'Penrose model'; Anonymous, 1972) includes a basal section of mantle peridotite, overlain successively by ultramafic to mafic cumulates, a sheeted dike complex, pillow lavas and a sedimentary section, usually containing deep-water rocks including radiolarian cherts. The 'type examples' are the Troodos and Semail ophiolites.
The ophiolites of the Xigaze area in the central YZSZ are commonly cited (Girardeau et al., 2004; Bao et al., 2013) as examples of a 'complete section'. However, the earliest descriptions in western literature (Nicolas et al., 1981) recognized that the Xigaze rocks represent 'a peculiar oceanic lithosphere', noting the scarcity of mafic volcanic rocks and the lack of a sheeted dike complex (but the presence of 'sheeted sills'). Our observations of the 'sheeted sills' in the Dazhuka section SE of Xigaze indicate that these consist of thinly layered gabbros cut by dolerite dikes, but with no clear evidence of the chilled margins implied by the term 'sheeted'. Pillow lavas also have been mapped locally, but may be in tectonic, rather than stratigraphic, contact with the mantle rocks . The description of this area as containing a 'complete ophiolite section' floored by ultramafic rocks also rests partly on the earlier identification of the Cretaceous sediments of the Xigaze group as part of such a section. Although the Xigaze sediments may be in depositional contact with some mafic rocks (including pillow lavas) of the area (Hu et al., 2008; Wang et al., 2010 Wang et al., , 2012 An et al., 2014) , these contacts also have been described as tectonic . Furthermore, there are apparently no clear depositional contacts between the mafic volcanic rocks and the peridotite massifs or the gabbro sections. Wu et al. (2014) have presented an extensive summary, concluding that there are no genetic relationships between the peridotite massifs and the associated mafic igneous rocks of the YZSZ.
The Luobusa massif has also been described (Zhou et al., 1996) as having a 'complete section'. However, this appears to be based mainly on an extensive unit, labeled as 'cumulate rocks', that features on many published maps Xiong et al., 2015) . Yamamoto et al. (2007) showed that this unit is a serpentinite mé lange with scattered blocks of gabbro and basalt. A small area of layered gabbros is in fault contact with peridotite at the western end of the massif. Other evidence cited is an inferred stratigraphic relationship (Malpas et al., 2003) with Middle Jurassic mafic rocks (155 to >160 Ma; McDermid et al., 2002) of the Zedang Terrane; this is now recognized as a distinct tectonic block separated from the ultramafic rocks by Miocene thrust faults . Hebert et al. (2012) have stressed the distinction between 'dismembered' (mainly Jurassic) and 'non-dismembered' (largely Cretaceous) ophiolites in the YZSZ. However, even in 'non-dismembered' examples all the described contacts appear to be tectonic , and 'overlying units' commonly are separated by many kilometers along the strike of major faults; there is a danger that sections inferred from this type of data may be constructs, rather than reflecting genetic relationships.
However, even if mafic rocks and sedimentary successions did overlie some of the peridotite bodies prior to thrusting and transcurrent faulting, this would not be inconsistent with the proposed model, in which the peridotite massifs were exhumed from the Transition Zone into a zone of extension, which developed into small ocean basins. We suggest that this buoyancydriven emplacement could finally bring the massifs to the surface, leaving them exposed at the paleo sea floor. Liu et al. (2014) have invoked the concept of 'oceanic core complexes' forming seamounts, to explain the high paleo-elevation suggested by the lack of mafic rocks or sedimentary cover on the Purang massif (western YZSZ; Niu et al., 2015 ; see also Liu et al., 2015) . Our model also invokes buoyancy-driven tectonics, but involving much deeper mantle levels. These exhumed massifs would then serve as the 'basement' to any mafic volcanism, or oceanic sedimentation, that followed their emplacement. The heat delivered by the upwelling mantle may be closely linked to the (relatively sparse) mafic magmatism that accompanied and followed their emplacement.
There are strong similarities between the collisionextension history that has defined the setting of the YZSZ peridotites and the tectonic development of the Betic Cordillera of southern Spain-northern Africa. Vissers et al. (1995) described the Cordillera as 'a clear example of a collisional orogen that has undergone large-scale extensional collapse while convergent motion of the bounding plates continued'. They showed that the peridotitic massifs of the region reflect multistage upwelling of upper mantle from asthenospheric depths to the surface; these bodies include the formerly diamondiferous rocks of the Beni Boussera massif (Pearson et al., 1993) and the Ronda massif, in which pyroxene-spinel symplectites after majoritic garnet have been described (Tub ıa et al., 2004) .
Origins of the peridotites
Whole-rock Re-Os model ages (T DM ) of peridotites from the YZSZ range from Archean (3Á4 Ga) to values expected for the convective mantle near the time of emplacement (Supplementary Data Table A4 ; Fig. 10c ). In general, the older ages are found in the more depleted harzburgites and the younger, depleted-mantle ages in the lherzolites (Shi et al., 2012a; Xiong, 2015) ; however, young ages are also found in some harzburgites. Many of these younger model ages may represent mixtures of several generations of sulfides and/or PGM [see review by Gonz alez-Jimé nez et al. (2014a)] and thus will represent minimum ages for the depletion of the peridotites. In situ analyses of PGM can be more useful than whole-rock analyses in identifying possible episodes of melting and metasomatism , and some samples have yielded well-defined age populations that may represent specific events or processes. Shi et al. (2007) identified a population of large (200 lm) Os-Ir nuggets in the Luobusa chromitites with T RD ¼ 230 6 30 Ma, and another at T RD ¼ 240 6 30 Ma in the chromitites of the Dongqiao massif within the older Bangong-Nujiang suture zone to the north. However, the Dongqiao samples also contain another population of more complex PGM with T RD ages clustered around 0Á9 and 1Á1 Ga (Supplementary Data Table A4 ), suggesting that the protoliths were lithospheric mantle that was at least Neoproterozoic in age.
These model ages suggest that at least some of the harzburgites may represent pieces of ancient SCLM, either eroded from a colliding continent (Fig. 13b) or stranded in the ocean basins during rifting episodes. An analogy would be the unroofing of continental lithosphere to produce the ultramafic basement of the Ligurian ophiolites of northern Italy (Rampone et al., 2005) . The 325-375 Ma U-Pb zircon ages and Os-isotope model ages of laurites (McGowan et al., 2015;  Table 4 ) are similar to the ages of some ocean island basalt (OIB)-type gabbros in the YZSZ (364 6 2 Ma; Dai et al., 2011) ; this may suggest that some of this rifting and subsequent subduction (Fig. 13b) took place in the Paleo-Tethys ocean, before transport of the subducted SCLM wedge materials into the Transition Zone (Fig. 13b) and their metamorphism within the Transition Zone at $240-230 Ma (Fig. 13c) .
The Tethyan subduction in the Jurassic ($170-150 Ma) may have disturbed previously subducted lithospheric materials in the Transition Zone, and excavated them to shallow levels to form the harzburgitic lithosphere ( Fig. 13e and f) that is now preserved in the Luobusa-Kangjinla massif. This excavation process may also have occurred during the early Cretaceous ($130-120 Ma). Garnet amphibolites within the ophiolite mé langes have Ar-Ar cooling ages of c. 125 Ma; estimated protolith ages are c. 135 Ma. These amphibolites have been interpreted either as the soles on which the peridotites were thrust onto the crust (Guilmette, 2005; Guilmette et al., 2008 Guilmette et al., , 2009 or as another late thermal event in the history of the peridotites (e.g. Wakabashi & Dilek, 2000) . In either case, after emplacement and accompanying serpentinization, the peridotites were extensively intruded by dolerites, part of the widespread 130-120 Ma magmatic event mentioned above. This scenario is consistent with the short 'rise time' (7-10 Myr) modeled for the ascent of the peridotites from the TZ to the surface. The mafic magmatism in the area would thus have begun in the late stages of exhumation, consistent with the heat input expected from rapid, channelized upwelling of the mantle. During the later dismemberment of the ophiolite complexes by strike-slip faulting and compression (Dubois-Cote et al., 2005; Hebert et al., 2012) , the dry, rigid and buoyant harzburgite massifs might have survived more easily than the lherzolitic oceanic mantle, and thus would now be 'over-represented' in the YZSZ.
In the model presented here, there is no specific relationship between the timing of the original extensionsubduction process that emplaced shallow mantle material in the TZ and its later excavation by slab roll-back. The model permits single or multiple events with variable residence times in the lower upper mantle or Transition Zone. The Transition Zone may indeed be a 'slab graveyard', full of ancient subducted material awaiting resurrection by slab roll-back. Agee (1999) noted that 'geologists have never held a proven, unadulterated piece of the Transition Zone in their hands'; we think this may finally be possible.
CONCLUSIONS
The mineralogical and microstructural data summarized here suggest that the Luobusa-Kanjingla-Zedang peridotite massif ('ophiolite') represents a fragment of ancient SCLM that was modified in an SSZ environment. This modification included both extreme depletion and the formation of podiform chromitites similar to those observed in many ophiolite complexes. This mantle fragment apparently was subducted into the lower upper mantle or Transition Zone ($410-660 km depth), heated to temperatures >1300 C and perhaps >1500 C, and recrystallized to UHP phases including wadsleyite, a new cubic Mg-silicate, majoritic garnet and CF-structured chromite. It was then rapidly exhumed by dynamic, focused mantle upwelling produced by roll-back of a later subducting slab, stalled in the Transition Zone. During this process (majoritic) garnet peridotites were converted to spinel peridotites, leaving only symplectitic intergrowths of opx þ spinel 6 cpx as reminders of their deeper history. The currently known distribution of the majoritic garnet symplectites suggests that other peridotite massifs in the YZSZ may have experienced a similar history. This scenario quantifies a previously undocumented largescale tectonic process [similar to that envisaged by Arai (2010 Arai ( , 2013 ], with major implications for mantle circulation and dynamics.
Many of the Tibetan peridotites, following their exhumation from the Transition Zone, may have acted as the 'basement' to younger igneous and sedimentary rocks, although not in the sense of the classic 'Penrose' ophiolite model. Our model can resolve many of the contradictions inherent in earlier ideas about the origin of the YZSZ 'ophiolites', and can help to integrate apparently disparate datasets.
The SuR-UHP mineral assemblage has been documented from six other peridotite massifs in the YZSZ, the Ray-Iz massif in the Polar Urals, and the Myitkina massif in Myanmar . Except for the symplectites after majoritic garnet, the critical Transition Zone indicators identified here have not been reported from these other massifs, and more detailed studies are required to establish their presence or absence, especially in those from which diamond has been reported (Fig. 1) . However, the processes identified here may be a relatively common feature of major continental collision zones.
There are still many questions to be answered. Reevaluation of key field relationships, careful definition of trace-mineral equilibrium assemblages and their constraints on physical parameters, and precise in situ geochronology of key phases (zircon, PGM) are required to solve these. The nature, timing and P-T conditions of the low-fO 2 event(s) recorded by the SuR-UHP phases need to be established in detail to understand the role and nature of fluid phases at different levels of the mantle. There is considerable scope for experimental studies of the stability fields of key UHP phases and polymorphs, and the kinetics of N aggregation in diamond, to provide further tests of the model. These peridotite massifs appear to offer a new window into processes from the Transition Zone to the surface, and into a geodynamic process that may be a characteristic of major tectonic collision zones.
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